We report a systematic investigation on in situ reduction kinetics of silica in carbon based materials for refractories as a function of system parameters. The objective of this fundamental study was to establish factors influencing gasification of refractories, which in turn could lead to carbon depletion and refractory degradation. Experiments were carried out on silica-graphite mixtures for refractory applications as a function of temperature, compacting pressure, carrier gas flow rate, and additional oxides. The off gases (CO, CO 2 ) generated from silica reduction and carbon oxidation processes were analysed using an infrared detector to estimate overall reaction rate constants. Additional oxides such as Al 2 O 3 and ZrO 2 , had a significant effect on the reduction kinetics. The rate of SiO 2 reduction was found to be mixed controlled by chemical reaction and mass transfer. Overall activation energy of bulk reactions taking place in the silica-graphite mixtures during initial stages of contact was estimated to be 153 kJ/mol.
Introduction
High temperature metallurgical processes are among the major consumers of refractories and significant costs are associated with refractory consumption and degradation. In ferrous metallurgy, these are expended in the areas of hot metal treatment and transport, steelmaking vessels, steel secondary treatment as well as continuous casting. [1] [2] [3] Among these, carbon-bearing oxide refractories make up a significant proportion due to good thermal conductivity and superior thermal shock and wear resistance. However, removal or oxidation of carbon and refractory/melt interactions can have a significant influence on the strength and other thermo-mechanical properties of the refractory. A fundamental understanding of refractory behaviour at high temperatures and research into the service life of carbonbearing refractories is therefore quite important. It is expected to lead to a decreased consumption of refractory, reduced downtime and increased product quality and the results could play a significant role in advancing conventional and novel metallurgical processes, such as direct smelting and near-net shape casting.
Degradation of carbon refractories is an important issue for a number of reasons. When hot iron melt comes in contact with refractory, it can dissolve carbon from the contact surface leaving behind a porous region. While an increase in porosity leads to a decreased resistance to chemical attack, carbon from the refractory can also be a source of carbon pick-up particularly for ultra-low carbon steel. When the surface structure becomes porous, some aggregate particles may come off the hot face and fall into the molten steel to become inclusions. Apart from surface decarburisation, the reduction of oxides and/or oxidation of carbon present in the bulk of the refractory can be an important cause of gasification and refractory degradation and forms the basis for the present investigation. These gases can lead to defects in steel and affect overall product quality. In this area there is limited research reported in the literature. In this article, we focus our attention on carbon bearing mixtures for refractories containing 10 % silica, in the temperature range 1 450 to 1 600°C. Silica is a commonly found oxide in refractory materials, which can undergo significant reduction due to small negative values of DG°for reduction at these temperatures. Alumina, another refractory oxide, on the other hand is rather stable towards reduction in this temperature range. 4) The objective of the present study was to establish a fundamental understanding of bulk reactions and system parameters in order to minimise reaction rates which could then lead to lower levels of gas production and depletion of carbon from refractories.
Based on thermodynamic considerations, SiO 2 present in a carbon-bearing mixture will eventually get reduced by carbon at high temperatures, leading to the evolution of CO and CO 2 gases. It has been shown that these gases can be generated in a continuous casting mould by reaction of immersion nozzle with steel, 5) and could come either from the in situ reduction of impurity oxides or/and oxidation of carbon in refractories. The reaction between SiO 2 and C in powdery mixtures [SiO 2 ϩxC] has significant rates from about 1 400°C onwards in vacuum or in stream of argon. The reaction can be seen as a combination of two basic reactions:
There are two stable condensed phases coexisting in each reaction, i.e., SiO 2 and C or C and SiC. System freedom is 2 and temperature and partial pressure can determine the system. Combining Reactions (1) and (2), the overall reaction is:
There are some additional reactions possible as well.
Reactions taking place at the carbon surface also play a role in controlling reaction kinetics. Boudouard Reaction (5) for oxidation of C to CO has been known to have a strong influence on the reduction process. 6, 7) Many studies have been carried out to examine the kinetics of carbothermic reduction of silica. Wiik 8) has given an extensive review on reactions in the SiO 2 -C-SiC system. He found that the nucleation of SiC may be hindered in some carbonaceous materials leading to slow rates for Reaction (2) . Once Reaction (2) starts, it removes SiO(g) from the gas mixture, thereby enhancing rates for Reaction (1). Biernacki and Wotzak 9) have studied the kinetics of silica reduction by carbon powder in CO and Ar atmospheres. Along with chemical kinetics, mass transfer between reacting solids was found to play a significant role in reaction kinetics. Motzfeldt and Steinmo 10) investigated the reaction between SiO 2 and C from the hypothesis that it is a solid state reaction. They heated a silica rod in vacuum at a predetermined distance from the walls of a graphite tube. The reaction started at about 1 450°C as with the particle mixture. Therefore it does not seem probable that reaction between silica and carbon is only a solid state reaction indicating a gas-mediated reaction as well. Experimental results of Agarwal and Pal 11) on the influence of pellet composition and structure on carbothermic reduction of silica also point towards a composite reaction involving multiple gas-solid reactions. The reaction between the condensed materials SiO 2 and C therefore appears to go through gaseous intermediates with the reaction between solid C particles and SiO(g) (Reactions (2) and (5)) being important steps. SiO(g) may be transported over long distances and the reaction may occur far away from SiO 2 .
The current investigation aims to develop an understanding of reaction mechanisms which govern silica reduction and carbon oxidation in a carbon bearing mixtures for refractories and to study the influence of temperature, oxide additives and other processing variables on the rates of these reactions. The article is organised as follows. Experimental details are given in Sec. 2 along with the compositions of various laboratory-pressed materials under investigation. This section also includes basics of data analysis and interpretation of gas generation data in terms of oxygen removal fraction. Section 3 contains experimental results as a function of compacting pressure, composition, temperature and system variables, followed by discussion on various reaction mechanisms in Sec. 4. Section 5 summarises our conclusions.
Experimental Details
Investigation of high temperature reduction of SiO 2 in mixtures containing graphite was conducted in a horizontal Super-Kanthal resistance tube furnace under argon protection. A schematic of the experimental arrangement is given in Fig. 1 . Materials used for the investigation were laboratory pressed mixtures of pure oxides and synthetic graphite, which were pressed hydraulically to achieve a uniform sample density. Typical particle size was around 10 mm and homogeneous mixtures of powders were compressed into a square shape of side 23 mm and 3-5 mm in height. A range of compressing loads were applied for obtaining specimens with different compaction. The composition of the specimens under investigation is listed in Table 1 .
A sample was loaded into an alumina tray and set in the "cold zone" during the time the furnace was heating up to the desired temperature. At the experimental temperature, the sample was pushed into the hot zone of the furnace to Table 1 . Compositions (wt%) of the laboratory pressed carbon-silica mixtures. start the reaction. Argon flow rate was controlled by a mass flow meter. Using an infrared (IR) CO/CO 2 detector, the CO and CO 2 concentrations in the outlet gas mixture were analysed to determine the rate of the reaction. The influence of temperature on the reactivity was investigated by conducting experiments in the temperature range: 1 450 to 1 600°C. X-ray diffraction technique was used to identify various reduction products using a Philips-112 X-ray diffractometer, in the angle range 5 to 90°with step size of 0.02°. Experiments were carried out as a function of temperature, compacting pressure, carrier gas flow rate, and additional oxides.
The rate of gasification of refractory is equivalent to the rate of oxygen removal from the system, which in turn can be determined by the CO and CO 2 concentrations in the off gas mixture. The focus in this study was on establishing various trends as a function of system parameters. Assuming a negligible effect of adsorbed oxygen on these trends, the main source of oxygen was assumed to be silica present in the refractory. Let [Mo] 0 be the number of moles of oxygen initially present in SiO 2 at tϭ0 and [Mo] t be the number of moles of oxygen remaining at time t in the unreduced silica.
[Mo] t can be calculated from CO and CO 2 concentrations detected in the infrared analyser as follows:
where [Mo] CO Where K is the apparent rate constant (s Ϫ1 ) and t is time in seconds. The rate constant K, as a function of various system parameters, can be obtained from the ln[1Ϫf (t)] against time plots. Figure 2 shows plots of CO evolution as a function of temperature for the 10%silica-C mixture. The rate of gas production was significantly higher in the initial stages, and slowed down considerably later on. Cumulative volumes of CO and CO 2 in the first 60 min are given in Table 2 . While volumes of CO gas show an increase with temperature, variation in CO 2 volumes is within the experimental resolution of IR detector. Figure 3 shows a plot of ln(1Ϫf (t)) against time (t) under one of the experimental conditions. Two distinct slopes indicate that the reduction of silica could be dictated by different mechanisms in the two stages. It is quite likely that the shift in mechanism in the second stage is associated with an increased resistance to the reduction reaction, caused by the deposition of reaction products on the reacting particles. These reaction products could retard the rate of reduction by providing a physical barrier between the reactants. In addition, the reduction rate for silica could also be slowing down due to a decreased availability of oxygen caused by partial conversion of SiO 2 to SiC. Micrographs accompanied by EDS profiles for the sample taken before and after reduction at 1 600°C, are shown in Fig. 4 . These suggest a fairly uniform reduction of silica taking place throughout the bulk of the sample and depletion of oxygen in the later stages of silica reduction.
Experimental Results

Effect of Temperature
Influence of Compacting Pressure and Carrier
Gas Flow Rate Different specimens were prepared by applying compacting pressures ranging from 2 to 5 t/inch 2 . Figure 5 shows that the oxygen removal fraction increased significantly with pressure increasing from 2 to 5 t/inch 2 . However there is no apparent difference between samples compacted under pressures of 4 and 5 t/inch 2 . Density increased continuously from 1.392 to 1.726 g/cm 3 with compacting pressure changing from 2 to 5 t/inch 2 . The increase in density could be due to an improved packing of particles as a result of compaction. Pressure however also altered the morphology of graphite particles increasing their surface area, which could be an important factor for reaction kinetics (Fig. 6) . Beyond 4 t/inch 2 , there was a negligible change in reaction rates. The carrier gas flow rate could also be an important factor influencing SiO 2 reduction by changing the CO or the SiO gas concentration in the system if gas phase reduction is involved. This could indirectly influence the reduction rate of SiO 2 . Figure 7 shows the influence of argon flow rate. It appears that the fastest reduction rate was associated with 1 l/min argon flow rate and the slowest reduction rate with 2 l/min. These results point towards the participation of gaseous phases in the reduction reaction. While an increase in the carrier gas flow rate increases the gas phase mass transfer, it also reduces the partial pressure of gas phase reactants such as SiO and CO. An optimum gas flow rate of 1 l/min provides a balance between these two influences which affect reaction kinetics in an opposing manner. Samples pressed under 5 t/inch 2 and a carrier gas flow rate of 1 l/min were used in rest of the studies.
Influence of Additional Oxides on SiO 2 Reduction
In addition to SiO 2 and graphite, other oxides such as Al 2 O 3 , ZrO 2 and MgO are also commonly present in commercial refractories to meet special requirements. However, fundamental mechanisms regarding the influence of these elements on SiO 2 reduction have not been reported extensively. It was found in the current investigation that these shows both Si and oxygen peaks whereas oxygen peak has become much weaker in the reacted specimen (b). oxide additives could play an important role in SiO 2 reduction by forming some additional stable compounds at high temperatures, which could have a significant influence on the rate of SiO 2 reduction. Figure 8 shows the influence of Al 2 O 3 and ZrO 2 additions on the oxygen removal fraction from carbon containing mixtures for refractories. Generally, Al 2 O 3 reduced the rate of SiO 2 reduction significantly for temperatures up to 1 600°C. ZrO 2 , on the other hand, reduced the rate of the reduction to an appreciable extent only at the lower temperature (1 500°C), but not at the higher temperature (1 600°C). Figure 8(b) shows that oxygen removed from the mixture containing ZrO 2 is slightly more than what would normally be expected if ZrO 2 is considered to be an irreducible oxide. This result indicates a possible reduction of ZrO 2 also taking place. Table 3 gives the reduction rate constants associated with the second stage of reduction, which were taken from the plots shown in Fig. 8 . This data quantitatively demonstrates the influence of oxides' addition on the SiO 2 reduction and their significant role in affecting the reaction rates at different temperatures. Reacted samples containing additional Al 2 O 3 and ZrO 2 were examined by XRD and compared to a reacted sample without additional oxides. It was found that SiC was present in the system as a reduction product in sample #1 when alumina was not present. However, SiC was not identified for the sample #3 containing additional Al 2 O 3 . XRD patterns for the reacted samples are shown in Fig. 9 . Figure   9 (a), for sample #1, shows SiC and graphite peaks as expected. However, with the addition of Al 2 O 3 into the system, SiC peaks disappeared from the XRD spectrum. As shown in Fig. 9(b) , in addition to graphite and Al 2 O 3 peaks, a new peak appeared at about 22°(2q), which was identified as [Al 0.5 Si 0.75 O 2.25 ]. Figure 10(a) shows the XRD spectrum of an unreacted SiO 2 ϩC system containing 10% ZrO 2 . A ZrC peak appeared after reaction at 1 600°C for 1 h, in addition to the SiC peaks ( Fig. 10(b) ). No complex compounds were observed in ZrO 2 -SiO 2 -C system.
Discussion
Reaction Mechanisms
The SiO 2 reduction could occur either through a solidsolid reaction and/or through gas mediated reaction mechanisms. [13] [14] [15] [16] [17] [18] Literature does not exclude the possibility of either mechanism in a practical system. However the gas phase reactions were generally reported as being a major mechanism for SiO 2 reduction. The solid phase reactions can take place through Reaction (1). This reaction will continue until SiO partial pressure is high enough to form stable SiC, which in turn gets deposited on the solid carbon surface (Reaction (2)). Because the system is also high in CO partial pressure, it is possible to convert SiO 2 to SiC, through the production of SiO(g) according to Reaction (4). SiO(g) then gets converted to SiC through Reaction (2) . Generated CO 2 could also lead to a reaction in the opposite direction to form SiO(g). Because of these highly complex and multiple reactions, Table 3 . Rate constants K (ϫ10 Ϫ4 /s) for a range of oxide additives as a function of temperature. Fig. 7 . Influence of argon gas flow rate (0.5-2 l/min) on oxygen removal fraction (temperature: 1 600°C, pressure: 5 t/inch 2 ). the rate of SiO 2 reduction could be affected by many factors that influence either the solid-state reactions or the gas phase reactions. The results shown in Fig. 3 point to a changeover of controlling mechanism taking place at approximately 500 s after the start of the reaction and are generally true for samples at different temperatures. Overall reduction reactions could be separated in three distinct stages. Reactions in the initial stage (tϽ Ͻ500 s, Stage 1) rely on the contact between SiO 2 and graphite particles. With the generation of SiO and CO gases during initial stages, the reduction of silica could then proceed via a gas phase. As the reduction reactions proceed, the reaction product, SiC gets deposited on the surface of graphite particles. The deposition of SiC lowers the contact area between the reactants and results in a decrease in rate of the reaction. The SiO 2 reduction in the second stage (tϽ500 s, Stage 2), is expected to be governed by gas phase reduction mechanisms. Reactions taking place after approximately 500 s correspond to the third stage (tϾ500 s, Stage 3).
After an initial contact and reactions, gases SiO, CO 2 travel between SiO 2 , C, and through the SiC layer, and push the reduction reaction along. Temperature is an important factor that influences the rate of reaction. The dependence of reaction on temperature could be described by activation energy E a defined by the Arrhenius equation: A plot of ln(K) against 1/T, shown in Fig. 11 , indicates a good linear relationship and yields an overall activation energy of 153 kJ/mol for the Stage 2 of bulk reactions taking place in samples containing 10 % silica. Kinetics of silica reduction by graphite is generally controlled by both chemical reactions and gas phase & solid phase mass transfer. High value of activation energy for the Stage 2 points towards chemical reactions being the dominant rate controlling mechanism for tϽ500 s. For Stage 3 however, due to the deposition of reaction products on both graphite and silica, mass transfer is the dominant rate controlling mechanism. A mixed control of chemical reactions and mass transfer appears to apply for the overall process of silica reduction in graphite mixtures.
Influence of Additional Elements
Addition of Al 2 O 3 into the system shows a strong retarding effect on SiO 2 reduction. This is due to the possibility that oxygen in silica could be bound in a more stable and complex compound. The results shown in XRD spectra ( Fig. 9 ) indicate that the reduction products become more complex after adding Al 2 O 3 into the system. In addition to Al 2 O 3 and carbon peaks, a new peak appeared at about 22°( 2q) instead of the SiC peaks in the (SiO 2 ϩC) system. Using DG°ϭ666600Ϫ346.02 J 19) for the reaction in Eq. (12), it can be seen that graphite reacts with ZrO 2 to form ZrC at 1 560°C when the partial pressure of CO gas in the ambience is less than 0.35 atm. XRD spectrum at 1 600°C also confirms the existence of ZrC in the system in addition to SiC. Therefore adding Al 2 O 3 will significantly reduce the rate of silica reduction by carbon in a refractory. Adding ZrO 2 will only retard the SiO 2 reduction to a significant extent up to 1 500°C. At 1 600°C, ZrO 2 itself becomes a reducible oxide and contributes to reduction products.
Conclusions
(1) Silica, present in graphite-silica mixtures for refractories, would eventually get reduced by carbon and lead to bulk decarburization and refractory degradation. While it will be preferable to use refractories that contain little or no silica, it however may not be cost-effective. Specific measures may lead to a slowing down of rates of silica reduction and bulk depletion of carbon and thereby longer refractory life.
(2) In situ reduction of silica by carbon in refractory takes place under a mixed control of chemical reactions and mass transfer. The activation energy in the second stage of bulk reactions was found to be 153 kJ/mol for samples containing 10 % silica and 90 % graphite.
(3) Compacting pressures used in the preparation of the sample and carrier gas flow rate affect reaction kinetics and gasification process. These results point towards the important role played by the changes in morphology and increases in surface area. Gas phase based reactions have an important bearing on reduction reactions.
(4) The presence of additional oxides appears to have an important effect on reduction kinetics. Al 2 O 3 present in the mixture along with silica, tends to bind oxygen in a complex compound and would retard the reduction process. Therefore it could reduce the rate of oxygen removal and carbon depletion from the system. Presence of additional oxide, ZrO 2 , slows down rates of silica reduction to a significant extent only up to 1 500°C. At higher temperatures ZrO 2 itself becomes a reducible oxide and contribute its own oxygen to the system.
